Strongly saturated waveguide-based optical-field-ionization soft-x-ray laser seeded by high harmonic generation was demonstrated for Ni-like Kr lasing at 32.8 nm. Comparing with the same laser seeded only with spontaneous emission, seeding with high harmonics yields much smaller divergence, enhanced spatial coherence, and controlled polarization. The integration of high harmonic seeding, optically preformed plasma waveguide, and optical-fieldionization pumping forms one of the optimal archetypes of ultrashort-pulse soft-x-ray laser.
pure xenon, argon, and Kr/Ar mixture gases were also achieved subsequently, demonstrating the versatility of optically-preformed plasma waveguide in providing a wide range of lasing configurations [6] .
The soft-x-ray lasers discussed above are all based on amplified spontaneous emission (ASE) which offers only a limited quality in the waveform of the output pulse. It is known that seeding from high harmonic generation (HHG) can reduce the beam divergence, shorten the pulse duration, and enhance the spatial coherence. Moreover, seeded x-ray lasers do not suffer from the timing jitter relative to the pump laser, which is important for pump-probe applications. Recently HHG-seeding with high gain was achieved in OFI x-ray lasers in a gas cell (e.g., see [7] ) and collisonal-ionization x-ray lasers in a solid target (e.g., see [8] ). In view of the great versatility and high efficiency of OFI soft-x-ray lasers based on optically preformed plasma waveguide in gas jets, it is highly desirable to see how HHG seeding will enhance the performance of such lasers. In this letter, we report the integration of waveguide-based OFI soft-x-ray laser amplifiers and high harmonic generation to achieve strongly saturated soft-x-ray lasing for Ni-like krypton at 32.8 nm. The amplified seed pulses have a divergence of only 1.1 mrad in full width at half maximum (FWHM), a photon number of 1 × 10
11
, enhanced spatial coherence, and an amplification factor of ≈ 10
The experimental setup is shown in Fig. 1(a) . A 10-TW, 38-fs, 810-nm, and 10-Hz Ti:sapphire laser system (upgraded from the laser system in Ref. [9] ) is used for this experiment. An 11-mm-diameter 3.8-mJ pulse is used as the pump pulse to produce soft-x-ray seed pulse via HHG. It is focused with an off-axis parabolic mirror (OAP) of 30-cm focal length onto an Ar clustered gas jet. The Ar gas jet is produced by a 1-mm-diameter conical nozzle and a pulsed valve. The atom density is set at 7.1 × 10
. The focal spot size of the pulse is 30 µm in FWHM with 87% energy enclosed in a Gaussian-fit profile. The focus is placed at 1.3 mm after the entrance of Ar gas jet. The beam diameter, laser energy, atom density, and focal position are chosen for maximizing the 25th harmonic. Matching of the central wavelength of the HHG seed to that of the Ni-like Kr 32.8-nm x-ray laser amplifier is achieved by setting the pump pulse of HHG to a duration of 360 fs and a positive chirp [10] . The produced HHG pulse is imaged onto the entrance of the soft-x-ray amplifier by a soft-x-ray multilayer concave mirror of 30-cm focal length. In order to extract maximum energy from the amplifier, this concave mirror is mounted on a three-axis motorized translation stage to optimize the spatial overlap of the HHG seed with the amplifier in three dimensions. A reflecting mirror with a hole at its center is used to combine the HHG pulse and the amplifier pump pulse. The orientation of the linearly polarized HHG soft-x-ray pulse is controlled by rotating the polarization of its pump pulse with a half-wave plate.
The soft-x-ray amplifier is driven by three pulses. A 235-mJ, 38-fs, circularly polarized pulse is used as the pump pulse for preparation of the lasing ionization stage through optical-field ionization and heating of the plasma electrons to achieve collisional excitation. The other two pulses, referred to as the ignitor and the heater, are used for fabricating a plasma waveguide by using the axicon-ignitor-heater scheme [5] . For this experiment, the ignitor is 45 mJ in energy, 38 fs in duration, and s-polarized (vertically polarized), and the heater is 270 mJ in energy, 160 ps in duration, and p-polarized (horizontally polarized). After combined by a thin-film polarizer, these two pulses propagate collinearly and are then focused by a center-drilled lens and an axicon on a Kr clustered gas jet. The line focus overlaps with the propagation path of the amplifier pump pulse in the gas jet. A hole at the center of the axicon allows passage of the amplifier pump pulse and the HHG seed. The clustered gas jet used for the soft-x-ray amplifier is produced from a slit nozzle. The gas jet profile has a flat-top region of 8-mm length and a boundary of 500-µm length at both edges along the long axis. The atom density is 1.6 × 10
. The ignitor-heater separation and heater-pump separation are 200 ps and 2.5 ns, respectively. Under this condition, optimal guiding of the amplifier pump pulse in the plasma waveguide is achieved and the photon number of the ASE soft-x-ray pulse is at maximum. Maximum amplification of the HHG seed is attained when the delay between the HHG seed and the amplifier pump pulse is set at 2.0 ps. A flat-field x-ray spectrometer, consisting of an aperiodically ruled grating and an x-ray charge-coupled device (CCD) camera, is placed at 250 cm after the exit of the x-ray amplifier to measure the spectrum and horizontal angular profile of the output x-ray pulses. Two 0.25-µm-thick aluminum filters are used to block the transmitted pump pulse and attenuate x-ray emission. From the known grating reflectivity, filter transmittance, x-ray mirror reflectance, and CCD response, the absolute number of soft-x-ray photons is determined with <20% error. Figure 1(b) shows the angular profiles of the HHG seed, the ASE soft-x-ray laser, and the seeded soft-x-ray laser. With seeding the divergence of the soft-x-ray laser is greatly reduced from 4.5 mrad to 1.1 mrad in FWHM, which is about the same as that of the HHG seed. The pointing and angular profile of the seeded soft-x-ray laser follow that of the HHG seed and the fluctuation is negligible (≈ 0.13 mrad). In contrast, the angular profile of the ASE soft-x-ray laser has a much larger fluctuation. The direction of peak intensity changes from shot to shot within the 4.5-mrad divergence angle. These indicate that the output of the soft-x-ray laser is dominated by the amplification of the HHG seed. Since the ASE has a roughly flat-top distribution extending from −2.5 mrad to +2.5 mrad and the HHG is mostly distributed from −2 mrad to +2 mrad, the intensity of the seeded soft-x-ray laser at +(−)2.5 mrad can be used to obtain an upper limit of the contribution from residual ASE in the output of the seeded soft-x-ray laser. The residual ASE contribution is less than 10%. Figure 2 shows the spectra for the HHG seed, the ASE soft-x-ray laser, and the seeded soft-x-ray laser. The photon numbers for the HHG seed, ASE, and seeded soft-x-ray lasers are 1 × 10 7 , 1 × 10
, and 1 × 10
, respectively. The amplification factor is defined as (S seeded − S ASE )/S seed , where S seeded , S ASE , and S seed are the photon numbers of the seeded soft-x-ray laser, the residual ASE upon seeding, and the HHG seed, respectively. Since the residual ASE contribution is less than 10%, the amplification factor can be obtained approximately as S seeded /S seed , which is about 10
4
. The absolute photon number of the seeded soft-x-ray laser is about the same as that of the ASE soft-x-ray laser. The energy fluctuation of the seeded soft-x-ray laser is about 10%, which is dominated by that of the soft-x-ray amplifier [5] . The increase in the output of the 32.8-nm lasing line upon seeding observed in Fig. 2 is simply a result of the reduction of beam divergence which changes the collection efficiency of the spectrometer grating in the dispersion plane. In contrast, the photon number and beam divergence for the additional lasing line at 33.5 nm do not change with seeding, because the wavelength does not match with the HHG. This indicates that the waveguide-based ASE soft-x-ray laser already reaches the strongly saturated regime, in which the energy stored in the population inversion for most part of the length of the amplifier are efficiently extracted to the laser output even with only the spontaneous emission, so that the photon number cannot be significantly increased upon seeding.
The seeded soft-x-ray laser is further characterized by using a soft-x-ray polarization analyzer. The polarization analyzer consists of two multilayer soft-x-ray mirrors mounted on a motorized rotation stage. The mirror reflectivity is highly polarization dependent. The doubly reflected signal is collected by a micro-channel-plate detector located after the analyzer. The extinction ratio (energy of s-polarized beam/energy of p-polarized beam) of the analyzer is measured to be better than 19 by using the linearly polarized HHG seed as the light source. The insets in Figs. 2(a) and (c) show the intensities of the HHG seed and the seeded soft-x-ray laser as functions of analyzer angle for both p-polarized and s-polarized HHG seed. The inset in Fig. 2(b) shows the intensity of the ASE soft-x-ray laser as a function of analyzer angle. As expected, the polarization of the seeded soft-x-ray laser follows that of the HHG seed, and the ASE soft-x-ray laser is unpolarized. Moreover, the spatial coherence of the seeded and ASE soft-x-ray lasers is measured by Young's double-slit interferometry [6] . It is found that the spatial coherence of the seeded soft-x-ray laser is enhanced by at least a factor of 4 with respect to the ASE soft-x-ray laser.
The gain evolution of a soft-x-ray amplifier can be measured by varying the time delay between the HHG seed and the amplifier pump pulse [11] . For the waveguide-based soft-x-ray amplifier, high gain is obtained with a delay between 1 ps and 4 ps and the maximum is at 2.0 ps. In comparison, for the case without waveguide high gain occurs with a delay between 2 ps and 7 ps and the maximum is at 3 ps. That is, with the plasma waveguide the gain rises and falls faster. This indicates that the electron-ion collisional rate is higher for the waveguide-based soft-x-ray amplifier, which is a result of the much higher on-axis electron density observed with interferometry [5] and possibly higher electron temperature, leading to faster collisional excitation rate and over-ionization rate.
In summary, we report the success of HHG seeding in a waveguide-based OFI soft-xray amplifier. Great reduction in divergence, controlled polarization, and enhanced spatial coherence are achieved in the seeded soft-x-ray laser. , the Ni-like Kr ASE soft-x-ray laser at 32.8-nm (black dashed curve), and the seeded soft-x-ray laser (gray solid curve). The delay of the HHG seed pulse with respect to the amplifier pump pulse is 2.0 ps. The other parameters are the same as that described in the setup section. Fig. 2 . Spectra of (a) the HHG seed, (b) the ASE soft-x-ray laser, and (c) the seeded softx-ray laser. The inset in (a) shows the intensity of the HHG seed as a function of the angle of the analyzer and the inset in (c) shows that of the seeded soft-x-ray laser for p (solid line) and s (dotted line) polarized HHG seed, respectively. The inset in (b) shows the intensity of the ASE soft-x-ray laser as a function of the angle of the analyzer. The error bars indicate the standard error of mean over 20 laser shots. The other parameters are the same as that described in the setup section.
